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Abstract

Despite being a leading cause of acquired seizures in endemic regions, the
pathological mechanisms of neurocysticercosis are still poorly understood.
This study aims to investigate the impact of anthelmintic treatment on neuro-
pathological features in a rat model of neurocysticercosis. Rats were intracra-
nially infected with Taenia solium oncospheres and treated with albendazole +
praziquantel (ABZ), oxfendazole + praziquantel (OXF), or untreated placebo
(UT) for 7 days. Following the last dose of treatment, brain tissues were evalu-
ated at 24 h and 2 months. We performed neuropathological assessment for
cyst damage, perilesional brain inflammation, presence of axonal spheroids,
and spongy changes. Both treatments showed comparable efficacy in cyst
damage and inflammation. The presence of spongy change correlated with
spheroids counts and were not affected by anthelmintic treatment. Compared
to white matter, gray matter showed greater spongy change (91.7% vs. 21.4%,
p <0.0001), higher spheroids count (45.2 vs. 0.2, p = 0.0001), and increased
inflammation (72.0% vs. 21.4%, p = 0.003). In this rat model, anthelmintic
treatment destroyed brain parasitic cysts at the cost of local inflammation simi-
lar to what is described in human neurocysticercosis. Axonal spheroids and
spongy changes as markers of damage were topographically correlated, and
not affected by anthelmintic treatment.
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1 | INTRODUCTION

Neurocysticercosis (NCC) is a parasitic infection of the
central nervous system caused by a larva of the pork
tapeworm Taenia solium. Classified as a Neglected Tropi-
cal Disease by the World Health Organization (WHO), it
is endemic in nations throughout Latin America, sub-
Saharan Africa, and Asia, with a particularly high preva-
lence among economically disadvantaged populations [1].
NCC causes significant morbidity worldwide and is a
major etiology for acquired epilepsy, with around 30% of
cases of epilepsy [2, 3].

Clinical complications of NCC are associated with an
exacerbated immune response [4], which depends on the
degree of parasite contact with parenchyma [5], as well as
its location in either gray or white matter. This accentu-
ated response was observed in a viral model for multiple
sclerosis, where the lesion develops from the axons
(inside) to the myelin (outside), that is, lesions in the gray
matter preceded demyelinating lesions [6].

An important contributor to neuroinflammation
occurs after anthelmintic treatment [7]. The mainstay of
treatment for the parenchymal disease is albendazole
(ABZ), or more recently, ABZ with praziquantel (PZQ).
Combined anthelmintic treatment has been proposed to
improve drug efficacy as ABZ plus PZQ is more effective
than ABZ alone in achieving cyst resolution [8, 9]. Treat-
ment, however, may not eliminate the cyst, even using
ABZ with PZQ. Another possible alternative to ABZ is
oxfendazole (OXF), which is currently approved for ani-
mal use [10, 11] and is under clinical trial research
[12, 13]. Our rat model provides a new approach to dis-
covering novel neuropathological insights associated with
neurocysticercosis, resulting in a low cost-effective, and
physiologically relevant model [14, 15].

This study aimed to analyze how anthelmintic treat-
ment with ABZ + PZQ or with OXF + PZQ affects neu-
ropathological features such as gliosis, inflammatory
infiltrate, and neuron damage visualized as spheroids and
spongy change (SC) using the rat model of neurocysticer-
cosis. We provided evidence of limited effect of the
anthelmintic treatment on the axonal swelling and SC
and the sensitive role of gray matter in NCC pathology.

2 | MATERIALS AND METHODS

2.1 | Ratintracranial infection

Holtzman rats (n = 120), between 10 and 14 days old,
were infected with activated Taenia solium oncospheres,
and 85/120 developed less than 4 cysticerci. Briefly,

500 activated oncospheres were suspended in 100 pL. of
sterile physiological salt solution (0.9%), and injected
intracranially (2 mm depth at the bregma) using a 1 mL
syringe and a 25-gauge needle [14], following a protocol
approved by the main IACUC of the Universidad Per-
uana Cayetano Heredia System (SIDISI #66826,
Lima, Peru).

2.2 | Anthelmintic treatment

Out of 85 infected rats, they were randomly assigned,
based on MRI scan (Figure S1), to anthelmintic treat-
ment groups as follows: (a) 30 mg/kg/day albendazole
combined with 100 mg/kg/day praziquantel for 7 days,
followed by an additional 7 days with only 30 mg/kg/day
albendazole (ABZ), (b) 100 mg/kg/day oxfendazole com-
bined with 100 mg/kg/day praziquantel for 7 days
(OXF), or (c) untreated with only vehicle solution (0.5%
carboxymethylcellulose +10% Tween-80), for the
untreated group (UT). Rats were subjected to gavage
treatment in two divided doses per day. Three months
after the initial infection, the treatment groups (ABZ,
OXF, or UT) were divided into two strata each to deter-
mine early and late pathological changes: one to be sacri-
ficed 24 h after last dose received (n = 17, ABZ; n = 14,
OXF; n =15, UT), and the second stratum to be sacri-
ficed 2 months after last dose received (n =13, ABZ;
n =15, OXF; n =11, UT). A group of uninfected ani-
mals (n = 80) were also included.

2.3 | Tissue processing

Brain sections were cut at a 4-pm in thickness and stained
with hematoxylin and eosin (HE) every 20 sections until
the scolex or maximum cyst diameter was identified. Sub-
sequently, adjacent sections were stained with Masson’s
trichrome staining to detect fibrosis. The location of cys-
ticerci within the rat brain was determined by referring to
the rat brain atlas [16] to identify parenchymal, menin-
geal, or ventricular cysticerci.

2.4 | Immunohistochemistry

The paraffin sections were processed as previously pub-
lished [17]. Briefly, slides were incubated for 1 h for pro-
tein blocking, followed by incubation with to the
corresponding primary antibodies: anti-Iba-1 (Ionized
calcium-binding adaptor molecule 1), and CD68 for
microglia, anti-glial fibrillary acidic protein (GFAP) for
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astrocytes, and anti-200 KDa heavy phosphorylated neu-
rofilament (NFPH) for axon identification. Afterward,
the sections were rinsed and incubated with their respec-
tive secondary antibodies. Sections were revealed using
diaminobenzidine (DAB, Dako), counterstained with
hematoxylin, and mounted in Entellan solution (Merck).

2.5 | Quantification of axonal spheroids
Immunohistochemical analysis for NFPH was used to
evaluate axonal spheroids around each cysticercus,
extending up to ~2000 pm from the cyst capsule in brain
parenchyma (at 400x magnification). Spheroids are well-
defined oval bodies (with regular borders) measuring 10—
50 ym in size, lacking a nucleus. These structures stained
darkly with NFPH as previously described [15]. Spher-
oids were counted for each cysticercus and expressed as
the mean £ SEM.

2.6 | Neuropathological assessment of the
lesion surrounding the cysticercus

2.6.1 | Cystdamage

Cyst damage assessment involved the utilization of light
microscopy through HE staining, Masson’s trichrome
staining, and Iba-1 to determine the extent of disruption
of the cysticercus membrane. Other alterations within the
parasite including calcification, fibrosis, spiral channel
degeneration, or infiltration by inflammatory cells, were
also evaluated using the same staining techniques. Over-
all, the severity of cyst damage was categorized into three
levels: (a) Healthy, characterized by a well-defined tegu-
ment, preserved spiral channel, and intact scolex;
(b) Moderate, exhibiting mild to severe tegument disrup-
tion (resulting in fusion with brain parenchyma or disor-
ganized cellular nuclei), subtle subtegumental damage
(vacuolation, infiltration of inflammatory cells), evident
dilatation of the spiral channel, or scolex loss; or
(c) Severe, marked by complete tegument loss, accompa-
nied by extensive subtegumental alteration (including loss
of excretory canaliculi); the parasite might display fibro-
sis and/or calcification. A calcified cyst demonstrated
severe cyst damage with dense basophilic regions (calcifi-
cations) in the tegument and scolex of the parasite. A
trained pathologist, blinded to treatment group alloca-
tion and time point, examined the slides.

2.6.2 | Inflammation

To evaluate the inflammatory response within brain tis-
sue in our rat model, we devised an inflammatory score
(IS) based on microscopic observations using HE, Iba-1,

< Brain 3of11
Pa‘rhologyJ—o

i

and GFAP staining to detect inflammatory cells, along
with Masson’s trichrome staining to assess fibrosis. The
analysis entailed a visual examination of the complete
area surrounding each cyst (~2000 um) in coronal sec-
tions under light microscopy with 40x objective [18, 19].
Our categorical analysis established four degrees of the
IS to be assigned to each cyst, and defined as follows:
(a) ISO—indicating minimal inflammatory infiltrate (<25
inflammatory cells/40x field); (b) IS1—representing
moderate to severe inflammatory infiltrates (>25 inflam-
matory cells/40x field); (c) IS2—denoting the presence of
epithelioid macrophages in contact with the cyst, but
lacking evident granuloma or multinucleated giant cells;
and (d) IS3—indicating the presence of granulomas and/
or multinucleated giant cells.

2.6.3 | Spongy change

Since SC is commonly observed in the rat model of neu-
rocysticercosis, we developed a SC score. This scoring
system relied on Masson’s Trichrome staining to quantify
the extent of vacuolar disruption surrounding each cyst.
The spongy change, characterized by parenchymal loss,
was classified using ImageJ 1.48v software, leading to the
establishment of four categories as follows: (a) SCO—
indicating healthy parenchyma (0%-2% vacuolar disrup-
tion), where the vacuolar changes detected in Imagel
within the healthy parenchyma might correspond to fac-
tors like blood vessels, non-pathological edema, or the
result of myelin dissolution artifacts during fixation;
(b) SCl—representing minimal spongy alteration (2%—
4%); (c¢) SC2—denoting moderate spongy alteration (4%—
8%); and (d) SC3—representing severe spongy alter-
ation (>8%).

Furthermore, we recorded the proportion of white
matter encompassing each cysticercus under microscopic
observation. This adjustment facilitated the consideration
of potential variations in host response between gray and
white matter regions.

2.7 | Statistical analysis

Count data from axonal spheroids were expressed as
means with the standard error of the mean, while cate-
gorical data from SC score, the inflammatory score, or
the cyst damage score were shown as percentages for
each respective category. For spheroids, the data were
analyzed with the Dunn test, while for categorical vari-
ables were analyzed using an ordinal logistic regression,
with treatment and white matter as predictor variables.
Supplementary tables included predicted percentages for
each regression (for spongy change, inflammation, or cyst
damage) or predicted means (for spheroids) with a 95%
confidence interval using robust estimation for variance—
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covariance matrix. Statistical significance was determined
with a p-value of less than 0.05. All analyses were per-
formed using STATA 14.0 software.

3 | RESULTS

3.1 | Albendazole and oxfendazole
successfully model cyst degeneration in the rat
neurocysticercosis model

We examined brain histological changes after two times
points of anthelmintic treatment in the NCC model using
Taenia solium. We wanted to explore early inflammatory
conditions at 24 h after receiving the last dose, and
chronic inflammatory response at 2 months after the two
different anthelmintic treatments: ABZ + PZQ or OXF+
PZQ (Figure 1A). We classified cyst damage based on
cyst tegument and scolex morphology, comparable to
three different damage scores were considered: healthy,
moderate, and severe (Figure 1B). Most brain cysts in the
untreated animals presented healthy tegument and few
exhibited severe cyst damage in both untreated groups at
24 h or 2 months (Figure 1C, Table S2, 1.8% and 2.9%,
respectively). Cyst damage was observed mainly at the
scolex with spiral channel dilatation, hyaline membrane
degeneration, fibrosis or scolex evagination, and focal-
ized inflammatory response (Figure 1D). As expected, we
observed increase in cyst damage in both ABZ and OXF
treatments compared with the untreated rats for both
time points in parenchymal cysts (Figure 1C, Table S1,
24 h, p <0.0001; 2 months, p = 0.0028). Although, no
differences in cyst damage were seen when ABZ or OXF
were compared (24 h, p = 0.126; 2 months, p = 0.823).
Similar cyst damage pattern distribution was observed on
extra-parenchymal cysticerci (meningeal and ventricular)
(Table S3). Interestingly, oxfendazole showed better per-
formance over albendazole only at meningeal cysticerci
when compared with untreated animals (p = 0.025 for
OXF; p = 0.057 for ABZ at 24 h; p = 0.001 for OXF;
p = 0.042 for ABZ at 2 months). Additionally, calcified
cysts were only found at 2 months group (10%, n = 5) in
either parenchymal or meningeal locations.

3.2 | Inflammatory response in
neurocysticercosis following anthelmintic
treatment

To examine inflammation following anthelmintic treat-
ment in the rat brain model of neurocysticercosis, we
developed an IS evaluating the inflammatory infiltrate
density and the glia morphology on HE and immunobhis-
tochemical stainings (Figure 2A, Methods). In untreated
groups (sham controls), the inflammation around cysti-
cercus was characterized by focal sites of gliosis and

spongy change, with a fibrous capsule lined with numer-
ous fusiform cells, newly formed blood vessels with little
perivascular infiltration, plasma cells, heterophils (rat
neutrophils and/or eosinophils), and few lymphocytes
(Figure 2A). In treated groups at 24 h, cysticerci showed
moderate infiltration and few cases of epithelioid macro-
phages, while at 2 months group, there was marked alter-
ation of cyst integrity with clear palisade formation or
multinucleated cells (Figure 2A). Either OXF or ABZ
groups exhibited higher inflammation than untreated ani-
mals at both 24 h (p < 0.0001, p < 0.0001) and 2 months
(p =0.032, p =0.001) groups, respectively (Figure 2B,
Table S1), although, with no difference between oxfenda-
zole and albendazole group at any time point (p = 0.421
for 24h, p=0.223 for 2 months). Similar results
were obtained when analyzed degenerated cysticerci
(p =0.002 for moderate cyst damage; p < 0.0001 for
severe cyst damage). The involvement of astrocytes in the
inflammatory response was unclear since infected animals
from both treated and untreated groups showed similar
astrogliosis observed on GFAP staining (Figure S2).

3.3 | Spheroids and spongy change are co-
distributed surrounding Taenia solium cysticerci

We previously have reported axonal damage and SC
alteration extending beyond gliosis (~ 300 um) and up to
600 um from cysticercus in the NCC rat model [15].
Here, we wanted to explore whether cyst degeneration or
inflammatory response produced by the anthelmintic
treatment could exacerbate axonal spheroid formation or
increase in spongy change. We established a spongy
change score (SCO0-SC3) using high-contrast images
obtained from Masson’s Trichrome staining (Figure 3A).
The SC was observed as vacuolization of the brain paren-
chyma, and it was mainly detected at parenchymal cysti-
cerci and, to a lesser extent, in extra-parenchymal
cysticerci (p < 0.001 for 24 h; p <0.001 for 2 months).
Spheroids were identified as oval bodies positive for
NFPH staining measuring between 10 and 50 pm in
diameter, and absent in uninfected animals. Interestingly,
higher number of spheroids surrounding the cyst were
associated with higher SC scores in untreated animals
(Figure 3B, p < 0.001 for 24 h; p < 0.001 for 2 months).
When compared in treated animals, we did not observe
any significant differences for spheroids (p = 0.804 for
OXF, p=0.864 for ABZ), SC score (p=0.388
for OXF, p =0.740 for ABZ), or between time points
(p = 0.309 for spheroids; p = 0.980 for spongy change).
Similar results were obtained when analyzed degenerated
cysticerci (p = 0.510 for spheroids; p = 0.620 for spongy
change). Pathological examination revealed that certain
vacuoles from the SC were outlined by the NFPH stain-
ing, suggesting vacuolations within axonal processes
(Figure 3C).
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FIGURE 1

Cyst damage following anthelmintic treatment in neurocysticercosis (NCC) rat model. (A) Schematic diagram of anthelmintic

treatment. Activated oncospheres were inoculated by brain injection at P10-P12 rat pups. After 3 months post-infection, rats were subjected to
anthelmintic treatment with albendazole with praziquantel (ABZ), oxfendazole with praziquantel (OXF), or untreated placebo (UT) groups. Brains
were collected at 24 h and 2 months following treatment. (B) Cyst damage score in rats with NCC on HE staining. Cyst tegument: Healthy, tegument
and subtegument with conserved layered structures; Moderate, damage to the tegument is fused with disorganized cellular nuclei, exhibiting slight
alterations in the subtegument such as vacuolation or infiltration by inflammatory cells; Severe, loss of tegument with severe subtegumental
alterations, such as the loss of excretory canaliculi. Cyst: Healthy cyst, shows clear vesicular fluid with conserved membrane and scolex; Damage cyst,
with focalized inflammatory response and spiral channel degeneration; Degenerated cyst, with loss of the clear fluid, altered scolex architecture
(fibrosis or calcification), and thickening of parasite membrane; Calcified cyst, is observed with dense basophilic regions (calcifications) in tegument
and scolex. (C) Proportion of cyst damage scores expressed as a percentage for parenchymal cysticerci following anthelmintic treatment. (***) p-value
<0.0001. (D) Focalized scolex on Masson’s trichrome staining. Left: Apparent vesicular cysticercus displayed a localized inflammatory response
(arrow) near the scolex (square). Right: Evaginated scolex showing fibrosis (square), accompanied by localized invading inflammatory cells (arrow)

and focalized loss of tegument integrity.

3.4 | Gray matter develops more severe
neuropathological changes than white matter in
neurocysticercosis

We observed that cyst damage and histopathological
changes were not homogeneous around the cysticerci.
Most lesions were found in brain areas where the cyst is
surrounded by gray matter compared to white matter.
Gray matter areas in contact with cysticerci showed

severe SC and spheroids compared with white matter
areas (Figure 4A, left). However, we detected some
minor axonal swellings or varicosities (<10 pm) in white
matter (Figure 4A, right). White matter areas also
showed less SC (21.4% vs. 91.7%, p < 0.0001), spheroids
(mean of 0.2 vs. 45.9, p =0.0001), or inflammation
(21.4% vs. 72.0%, p = 0.003) than gray matter in paren-
chymal cysticerci and none of these histopathological
changes was detected in uninfected animals (Figure 4B).
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Inflammatory response in the brain tissue surrounding the cyst following anthelmintic treatment. (A) Inflammatory score in rats with

neurocysticercosis assessed using Iba-1 immunohistochemistry and HE staining. IS0, cyst surrounded with minimal infiltration (<25 inflammatory
cells/40x field); IS1, moderate to severe infiltration (>25 inflammatory cells/40x field) with scar formation around the cyst; IS2, epithelioid
macrophages surrounding the cyst, without granulomas; IS3, granulomatous response and/or identification of multinucleated giant cells in the scar
surrounding the cyst. (B) Proportion of inflammatory scores expressed as a percentage for parenchymal cysticerci following anthelmintic treatment.
Rats were exposed to albendazole + praziquantel (ABZ), oxfendazole + praziquantel (OXF), or an untreated placebo (UT). (¥**) p-value <0.0001.

4 | DISCUSSION

We demonstrated that both anthelmintic treatments
exhibited similar efficacy in terms of cyst damage and
inflammation. However, neither treatment nor cyst dam-
age resulted in alterations to axonal spheroids or spongy
changes. This study is the first to unveil a connection
between of axonal spheroids with the SC in NCC, pre-
dominantly observed within the gray matter. Spheroids
represent focal swellings on degenerating axons often
filled with cellular debris, including organelles, pathologi-
cal proteins, and disorganized cytoskeletal elements.
Accumulation of cytoskeletal elements such as NFPH,
along with pathological proteins like amyloid precursor
protein, superoxide dismutase, or ubiquitin, has been
identified in the rat model of NCC [15]. Axonal swellings
have been linked to increased seizure frequency, the most
prevalent symptoms in NCC, as well as cognitive, behav-
ioral, perceptual, and sensory-motor impairments [20].
They are associated with disorders like Seitelberger’s dis-
ease [21, 22], infantile neuroaxonal dystrophy [23], cere-
bral malaria [24, 25], traumatic brain injury [26],
Hallervorden-Spatz Syndrome [27], and Alzheimer’s dis-
ease [28]. In our rat model of neurocysticercosis, rats
develop around 9% seizures observed as tonic—clonic
manifestations. However, the precise triggers for seizures
and the link between these clinical features and spheroids
remain unclear. It is crucial for future studies to establish
correlations between the extent of spheroid formation
and the development of seizures before inferring
causality.

Furthermore, the persistence of spheroids despite the
lack of change in inflammatory response, cyst damage
post-treatment, or cyst volume (data not shown) suggests

the possibility of a chronic antigen released by the para-
site. This antigen could potentially induce an oxidative
environment or cellular stress on neurons [29-31]. This
aligns with models of chronic neurodegenerative diseases
such as multiple sclerosis, where axonal swellings first
emerge in gray matter regions and subsequently extend
toward white matter areas during the later stages of the
disease, irrespective of tissue inflammation [32]. Addi-
tionally, gray matter axons have lower myelination com-
pared to white matter axons, potentially rendering them
more susceptible to spheroid formation. It is plausible
that the etiology of spheroids might initiate preferentially
at nodes of Ranvier, known to be susceptible to axonal
impairment [33]. As such, a comprehensive regional char-
acterization of nodes of Ranvier, encompassing the node,
paranode, or juxtanode, could offer insights into the
pathogenesis of neurocysticercosis.

Despite the intensified inflammation brought about
by anthelmintic treatment (Figure 2), the SC remained
unaffected. However, in other studies, it has been
observed in NCC patients with severe inflammation and
heightened intracranial pressure [34, 35]. Moreover, it is
described in cases of brain infections like Stephanurus
dentatus [36] or Toxoplasma gondii [37], neurodegenera-
tive diseases [38], metabolic disorders [39], and even
rare genetic conditions [40]. The SC is thought to
possibly reflect various aspects such as swollen astrocytic
processes, distended extracellular spaces, vacuolated
oligodendrocytes, dilated axons, or vacuoles within mye-
lin lamellae, affecting both gray and white matter [41—
43]. However, the timing of the SC in relation to the
spheroidal pathology remains uncertain. Notably, in
NCC, the vacuolated parenchyma within the SC dis-
played some NFP staining (Figure 3), and both appeared
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FIGURE 3 Spongy change analysis from brain tissue in neurocysticercosis (NCC) rat model. (A) Spongy change score in rats with NCC on
Masson’s trichrome staining. Spongy change is observed as vacuolated brain parenchyma. SCO, absence of spongy change; SC1, minimum spongy
change; SC2 moderate spongy change; SC3, Severe spongy change. Corresponding immunoperoxidase staining for 200 KDa anti-neurofilament are
shown below each spongy change score. (B) Association between spheroids count and spongy change score at 24 h and 2 months following treatment.
Error bars represent standard error of the mean. (***) p-value <0.0001. (C) Spheroids in NCC. Spheroids are recognized as well-defined oval bodies
with a regular border shape, measuring 10-50 pm in diameter. They appear darkly stained and lack a nucleus inside (arrows, right). Left, infected
brain lacking spongy change and spheroids; Middle, spheroids display vacuolations within them (arrows); Right, spongy change with a stained

perimeter (square), associated with spheroids (arrows).

simultaneously. This scenario could be analogous to
transgenic axonal degeneration models, where the spongy
change, marked by vacuolar alterations, emerged early in
the proximal axons, and spanned the entire axonal cali-
ber [44, 45]. Alternatively, SC could arise due to spheroid
overgrowth leading to axonal rupture. This rupture might
release pro-degenerative factors into the extracellular
space, thereby contributing to neurodegeneration [46].
The association between spheroids and SC may also be
observed in patients with traumatic injuries [47].

The observed inflammatory response in the rat model
at the 2-months group closely resembled the pathology of
human NCC. It was characterized by the presence mac-
rophages and heterophils, with limited involvement of
lymphocytes. The chronic profile included the presence
of epithelioid and multinucleated giant cells, akin to the
human conditions [48]. Surprisingly, even though the sco-
lex might undergo degeneration, the tegument could

remain unaltered (Figure 1D). This observation suggests
a potentially heightened antigenicity of the scolex and
implies a non-essential role of the tegument for parasite
survival. Exploring the underlying pathophysiology
involving inflammatory cells and understanding how par-
asites modulate the immune response could potentially
lead to novel avenues for improving therapeutics for
neurocysticercosis.

The utilization of higher anthelmintic doses in this
study was justified by differences in gastrointestinal
absorption and the increased liver capacity for drug
metabolism in rats. Furthermore, prior research has
underscored the efficacy of elevated plasma concentrations
of anthelmintics [49] and prolonged drug exposure [50] in
achieving better outcomes in addressing extra-parenchy-
mal cysts. These findings could potentially explain the
superior effectiveness of oxfendazole compared to alben-
dazole observed in our study (Figure 1) and in porcine
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Grey matter

FIGURE 4 Gray and white
matter associated changes in

neurocysticercosis (NCC) rat
model. (A) Top, HE staining on
infected brain. Left, cyst
surrounded by gray matter
showing severe spongy change
(arrows) and inflammatory
infiltrate (arrowhead); Right, cyst
surrounded by white matter
showing slight spongy change
(arrow), but inflammatory
infiltrate (arrowhead). Bottom,
neurofilament staining for
spheroids on infected brain. Left,
cyst surrounded by gray matter
showing severe spongy change

Spheroids

(arrowhead) and abundant
associated spheroids (arrows);
Right, cyst surrounded by white
matter showing varicosities
(arrows) with diameters <10 pm,
and slight spongy change
(arrowhead). Scale bar = 100 pm.
(B) Pathological features in
untreated rats within gray and
white matter areas. Gray matter is
the most affected area in NCC.
Percentages are used to express
values for spongy change (SC >0)
and inflammation (IS >0), while

counts for spheroids. Error bars
indicate the standard error of the
mean. (¥**) p-value <0.0001.

(B) Pathological features in untreated rats within grey and white
matter areas
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models [51, 52]. While the rat model has not previously
reported such outcomes, previous reports primarily
focused on comparing albendazole with praziquantel [53].
A more comprehensive examination of the inflammatory
response and cellular stress might offer supplementary
insights for managing this intricate disease. Additionally,
an extended evaluation period should be carried out to
ascertain any time-dependent reversal effects.

A key limitation of this study is the ongoing uncer-
tainty surrounding the underlying cause of spheroid for-
mation. It remains unknown whether spheroids serve as

matter matter

markers of irreversible neuronal damage or if they might
repair. Further investigations utilizing larger brains and
longer-living models, such as the pig cysticercosis model,
hold potential to yield more definitive answers to these
questions.

Moreover, the lack of association between the inflam-
mation and the spheroids count prompts the consider-
ation of a broader timeframe. This expanded approach
would help elucidate the processes leading to spheroid
formation and establish the correlation with the occur-
rence of spongy change.
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5 | CONCLUSIONS

The study provided evidence of the distinct vulnerability
between gray and white matter in neurocysticercosis. It has
demonstrated the susceptibility of gray matter to inflamma-
tion, spongy change, and spheroids in neurocysticercosis.
The anthelminthic treatment seemed not to influence spher-
oids or spongy change, but both were strongly associated
with each other. The potential identification of immune
factors released by the parasite could hold the key to clari-
fying the intricate pathogenesis of neurocysticercosis,
thereby paving the way for enhanced disease management.
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